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Gastropods are members of the Spiralia, a diverse group of invertebrates that share a common early developmental program, which includes
spiral cleavage and a larval trochophore stage. The spiral cleavage program results in the division of the embryo into four quadrants. Specification
of the dorsal (D) quadrant is intimately linked with body plan organization and in equally cleaving gastropods occurs when one of the vegetal
macromeres makes contact with overlying micromeres and receives an inductive signal that activates a MAPK signaling cascade. Following the
induction of the 3D macromere, the embryo begins to gastrulate and assumes a bilateral cleavage pattern. Here we inhibit MAPK activation in 3D
with U0126 and examine its effect on the formation and patterning of the trochophore, using a suite of territory-specific markers. The head
(pretrochal) region appears to maintain quadri-radial symmetry in U0126-treated embryos, supporting a role for MAPK signaling in 3D in
establishing dorsoventral polarity in this region. Posterior (posttrochal) structures – larval musculature, shell and foot – fail to develop in MAPK
inhibited trochophores. Inhibition of 3D specification by an alternative method – monensin treatment – yields similar abnormal trochophores.
However, genes that are normally expressed in the ectodermal structures (shell and foot) are detected in U0126- and monensin-perturbed larvae in
patterns that suggest that this region has latent dorsoventral polarity that is manifested even in the absence of D quadrant specification.
© 2007 Elsevier Inc. All rights reserved.Keywords: Gastropod; MAPK; Organizer; Mesoderm; Dorsoventral axis; D-quadrant; U0126 gastrulationIntroduction
Spiralia comprises a number of invertebrate phyla, including
annelids, molluscs and sipunculans, who share a common
cleavage pattern and an early larval stage known as the
trochophore. The conserved cleavage pattern of spiralians often
enables the identification of homologous blastomeres and the
elucidation of their cell fate (Verdonk and van den Biggelaar,
1983). Some of these cell lineages appear to be autonomously
specified during the early cleavage (Cather and Verdonk, 1979;
Clement, 1976), as isolated blastomeres can form tissues (e.g.
Wilson, 1904). However, blastomere deletion experiments have
demonstrated that inductive interactions are also required in⁎ Corresponding author. Fax: +61 7 3365 1655.
E-mail address: b.degnan@uq.edu.au (B.M. Degnan).
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doi:10.1016/j.ydbio.2007.08.035spiralian development (Cather and Verdonk, 1979; Clement,
1976; van den Biggelaar and Guerrier, 1979, 1983).
Spiralian cleavage, following the first two divisions,
involves the vegetal macromeres generating successive tiers
of animal micromeres. This spiral cleavage pattern results in an
embryo that is divided into quadrants of tiered blastomeres
designated A, B, C and D, which form the left, ventral, right and
dorsal regions of the embryo, respectively (Fig. 1A) (Verdonk
and van den Biggelaar, 1983). Spiralians undergo either equal or
unequal cleavage. In some unequal cleavers an extrusion of
cytoplasm, a polar lobe, is formed and inherited by one of the
daughter macromeres, which results in it being larger than the
others. In contrast, in equally cleaving spiralians the four
embryonic quadrants maintain equal cleavage patterns until the
32-cell stage (Gonzales et al., 2007; van den Biggelaar, 1977;
van den Biggelaar and Guerrier, 1979). Equal cleavage has been
Fig. 1. Spiral cleavage and fate map in equally cleaving gastropods based on and adapted from the Patella fate map by Dictus and Damen (1997). (A) Animal view;
(B–D) lateral views with dorsal left and animal pole up. (A) 16-cell embryo showing the quadri-radial symmetry and nomenclature of blastomeres. (B) Blastula section
showing 3Dmaking contact with overlying micromeres. The arrows indicate the margins of the future blastopore. (C) Section of a trochophore showing the posttrochal
location of 2nd quartet ectodermal derivatives at the end of gastrulation. (D) H. asinina trochophore larva coloured to show the distribution of micromere lineages
following gastrulation. The margin of the shell gland (sg) is indicated with a dashed line; 1st quartet micromeres are tan in panels B and C; at, apical tuft in the
pretrochal region; pt, prototroch; s, stomodeum; f, foot in the posttrochal region.
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and spiralians (Freeman and Lundelius, 1992; Henry, 2002; van
den Biggelaar and Haszprunar, 1996; but also see Dohle, 1999).
The establishment of the dorsoventral axis and the
organization of the embryo are closely linked. Determining
the dorsoventral axis in spiralians involves the specification of
one blastomere quadrant to form the dorsal, D-quadrant
(Arnolds et al., 1983; Cather and Verdonk, 1979; Clement,
1962; Gonzales et al., 2007; Henry, 2002; Henry and Martin-
dale, 1987; van den Biggelaar and Guerrier, 1979). D-quadrant
specification differs between equal and unequal cleaving
molluscs (see Henry et al., 2006 and references therein). In
some unequally cleaving gastropods, such as Ilyanassa
obsoleta, the large macromere inheriting the polar lobe becomes
specified to form the D-quadrant (Clement, 1976; van den
Biggelaar and Guerrier, 1983; Verdonk and van den Biggelaar,
1983). Deletion of the polar lobe results in a larva that does not
develop a dorsoventral axis and lacks many larval structures
including foot, eyes, heart and an external shell (Clement, 1952,
1962). At the 32-cell stage of equally cleaving gastropods, such
as Patella, Tectura and Haliotis, one of the cross-furrow
macromeres assumes a centralized position, filling the blas-
tocoel and making prolonged contact with the overlying first
quartet micromeres (Fig. 1B; van den Biggelaar and Guerrier,
1979, 1983; van den Biggelaar, 1977; Verdonk and van den
Biggelaar, 1983). This is the first break from the radial
organization of the blastomeres and the cell becomes induced
to form the D-quadrant macromere, 3D (Boring, 1989; Damen
and Dictus, 1996; Gonzales et al., 2007; Kühtreiber et al., 1986;
Martindale et al., 1985; van den Biggelaar, 1977). Following 3D
specification, the embryo gastrulates with the invagination of
the macromeres and epibolic movement by the micromeres.
Extensive movements of the 2nd quartet micromeres in later
gastrulation results in the blastopore forming the stomodeum on
the ventral side below the prototroch, the 2d lineage extending
along the ventral and posterior midline and the 2b lineage being
pushed into a more dorsal and lateral position (Figs. 1C–D;
van den Biggelaar and Dictus, 2004).
The specification and induction of the 3D cell in gastropods
has been inhibited by a number of techniques including cellablation, preventing micromere–macromere contact and inhibit-
ing MAPK activation (Gonzales et al., 2007; Henry et al., 2006;
Damen and Dictus, 1996; Kühtreiber et al., 1988; Lambert and
Nagy, 2001, 2003; Lartillot et al., 2002; Martindale, 1986;
Martindale et al., 1985). Ablation of the 3Dmacromere results in
larvae that are normal but largely lack mesodermal structures
(Martindale et al., 1985). Similarly, embryos treated with a
MAPK inhibitor lack larval retractor muscles (Lambert and
Nagy, 2003). However, ablation of the presumptive 3D cell,
before it has attained its central position, as well as chemically
preventing the presumptive 3D cell from obtaining this position,
generally results in gastropod larvae that lack a distinguishable
dorsoventral axis and fail to develop posttrochal structures such
as a foot and shell (Gonzales et al., 2007; Damen and Dictus,
1996;Martindale, 1986;Martindale et al., 1985). However, there
are cases where quadri-radial organization has been observed in
the posttrocnal region in perturbed embryos (Gonzales et al.,
2007; Kühtreiber et al., 1988). In these experiments, the
pretrochal region is partially or fully radialized, with the
maintenance of a quadri-radial cleavage pattern (Damen and
Dictus, 1996; Martindale et al., 1985). Taken together, these
results suggest that the D-quadrant acts as an organizer of
molluscan development and is crucial for the correct specifica-
tion of the pretrochal region as well as the establishment of
posttrochal structures (Henry et al., 2006). In Ilyanassa, deletion
of D-quadrant macromeres prior to the 32-cell stage results in
larvae that resemble those from polar lobe deletions, while
deletion of the 3D macromere results in increasingly mild
abnormalities the later these deletions are performed (Clement,
1952, 1962). It seems therefore, that in both equal and unequal
cleavers the period between the fifth and sixth cleavage is when
the inductive activity of the D-quadrant occurs.
To assess the organizing role of the D-quadrant, most studies
to date have focused on the effect on embryonic cleavage
patterns and morphological landmarks that are known to be
derived from certain micromere lineages. While these studies
have provided considerable insight into the role of 3D in
patterning the embryo, interpretation of the precise effect of 3D
signaling on cell specification and morphogenesis has been
difficult, particularly in relation to the formation of posttrochal
202 D. Koop et al. / Developmental Biology 311 (2007) 200–212ectodermal tissues, such as the shell gland and foot. The
activation of the MAPK pathway in the 3D cell appears to be
conserved in all molluscan classes studied so far, including
gastropods, scaphopods and chitons (Lambert and Nagy, 2003).
MAPK activation first appears at the 32-cell stage, irrespective
of whether the organism is an equal or unequal cleaver.
Furthermore, in equal cleavers, activation occurs shortly after
3D makes exclusive contact with the overlying micromeres
(Lambert and Nagy, 2003).
In this study we have investigated the role of 3D in the
development of the vetigastropod Haliotis asinina, through the
inhibition of MAPK activation with U0126. Using a set of
molecular markers that are expressed in the pretrochal and
posttrochal ectoderm, mesoderm and prototroch, we have
assessed the impact of 3D knockdown on a range of specification
and morphogenetic events that occur during gastrulation and
formation of the trochophore.While the inhibition of D-quadrant
specification in Haliotis has a similar effects on the pretrochal
ectoderm, posttrochal endomesoderm and formation of the shell
gland and foot as those observed in other spiralians, gene
expression patterns in perturbed larvae reveal that abrogation of
3D MAPK activity does not inhibit cell specification events in
the posttrochal ectoderm nor the expression of ventral ectoderm
genes in bilaterally symmetrical patterns. Inhibition of 3D
specification by treating embryos with monensin, which
prevents the presumptive 3D cell from obtaining a central
position (e.g. Gonzales et al., 2007), reveals similar bilateral
gene expression patterns in the posttrochal ectoderm. These data
suggest that other factors, in addition to 3D-derived signals, are
contributing to the formation of the posttrochal region of the
gastropod trochophore.Materials and methods
Embryo culture and 3D inhibition
H. asinina embryos and larvae were reared at 25 °C as described in Jackson
et al. (2005).
A 10 mM solution of the MAPK inhibitor U0126 (Promega, V1121) was
prepared in DMSO and further diluted in 0.2 μm filtered seawater (FSW) to a
final concentration of 10 μM and 50 μM. Controls were 1/1000 and 1/200
DMSO dilutions in FSW. Embryos were transferred into either 10 μM or 50 μM
U0126 or their respective DMSO controls approximately 15 min before 5th
cleavage, which is approximately 2 h post fertilization (hpf). All embryos were
treated until after 6th cleavage was completed (approximately 3.5 hpf). The
embryos were rinsed with repeated FSW changes and transferred to clean
culture chambers. Using the same cohort, experiments were undertaken by
treating embryos with 1 μM monensin (Sigma M5273), during an identical
developmental interval as the U0126 treatment. This provided an independent
comparison to U0126 treatment, as monensin inhibits the movement of the
presumptive 3D cell centrally and prevents the micromere–macromere contact
necessary for D-quadrant specification (Damen and Dictus, 1996; Gonzales
et al., 2007; Kühtreiber et al., 1988). For all analyses of gene expression, control
and treated larvae were fixed at hatching from a single cohort to standardise
developmental staging.
Specimens for scanning electron microscopy (SEM) were fixed in 1%
glutaraldehyde and 4% paraformaldehyde in 0.1 M sodium cacodylate buffer
and post-fixed in 1% OsO4 in 0.1 M sodium cacodylate buffer. Samples were
dehydrated in ethanol before being infiltrated and dried overnight in
hexamethyldisilasane. Following drying, specimens were mounted and sputter
coated before being viewed at 5–15 kV.Immunocytochemistry and phalloidin staining
Embryos and larvae were fixed in 4% paraformaldehyde/MOPS buffered
solution for 30 min, washed several times in PBS/0.1% sodium azide and stored
at 4 °C. Fixed embryos were washed in PBS with 0.1% TritonX-100 (PTA) 3
times for 15 min, and were then incubated in PTA with 2% BSA and 5% goat
serum (blocking solution) for 2 h. Samples were incubated overnight at 4 °C in
anti-diphosphorylated ERK1/2 (Sigma, M8159) antibody diluted 1:1000 in
blocking solution. Samples were then washed 6 times over 2 h in PTA and
incubated overnight in 1:200 anti-mouse HRP conjugate (Sigma, A4416)
secondary antibody at 4 °C. Samples were washed 5 times in PTA and once in
distilled water before being incubated in DAB solution (Sigma, D0426).
Serotonin immunodetection in trochophores was carried out by using a 1:800
dilution of a rabbit anti-serotonin antibody (Sigma, S5545).
For phalloidin staining, larvae were washed 3 times in PTA and incubated
overnight at 4 °C in 0.6 μMBODIPY FL-Phallacidin (Molecular Probes, B607).
Larvae were washed 6 times in PTA, mounted in 70% glycerol and
photographed using a Zeiss axioskop fluorescence microscope.
Isolation of the Haliotis Brachyury orthologue
Nested degenerate primers were designed to amplify the Brachyury gene
from H. asinina: forward 5′ GARAARGGNGAYCCNACNGA and 5′
ACNAAYGARATGATHGTNACNAA; and reverse 5′ YTCCTTYTGRTANG-
CNGTNAGNGC and 5′ GCRTCNWGRAANGCYTTNGCRAANGG. The 5′
portion of the gene was isolated from a cDNA library (Clontech SMART cDNA
library), using gene-specific and vector primers. These PCR fragments were
cloned into pGEM-T (Promega, A1360) and sequenced. The Tbox domain of
HasBra was aligned to other Brachyury gene products using ClustalX.
Phylogenetic analysis was carried out using PAUP 4.0 (Swofford, 2002) and
distance trees were generated based on mean character difference and a
neighbourhood-joining analysis with 1000 bootstraps.
In situ hybridization
Genes expressed in different territories of the trochophore larva were used to
assess gene expression in control and U1026- and monensin-treatments (Hinman
and Degnan, 2002; Hinman et al., 2003; Gunter and Degnan, 2007; this study;
unpublished results). RNA probes were used at concentrations between 0.1 and
0.5 μg/ml. Fixations, in situ hybridizations, colour detection and microscopy
were performed as described in Giusti et al. (2000). Sequences used as in situ
hybridization probes are either as previously described – HasMox (Hinman and
Degnan, 2002), HasHox1 (Hinman et al., 2003) and HasHSP90A (Gunter and
Degnan, 2007) – or from cloned gene fragments—737 bp HasBra fragment,
1017 bpHasβ-catenin fragment (“Hasβcat”, GenBank accession no. EF676093),
1264 bpHasBMP 2/4 fragment (GenBank accession no. DQ298396) and 750 bp
HasCOE fragment (GenBank accession no. DQ372964).
Results
Normal expression of H. asinina Brachyury and BMP 2/4
Two developmental genes – Brachyury and BMP2/4 – that
had previously been isolated and characterized in the limpet
Patella vulgata have been isolated here from H. asinina, as
they served as potential markers of a variety of embryonic and
larval territories. In Patella, Brachyury is expressed in the 3D
cell and later in the posterior blastopore lip (Lartillot et al.,
2002), while BMP2/4 is expressed in the developing shell field
and a set of apical cells (Nederbragt et al., 2002).
HasBra was isolated from H. asinina and shown to be an
orthologue of Brachyury and closely related to the Patella gene
(Fig. 2A). During the early gastrula stage, at 4 h post-
fertilization (hpf), HasBra was expressed in the cells of the
Fig. 2. Developmental expression of HasBra. (A) Phylogram showing results of neighbour joining analysis of the HasBra Tbox domain. Bootstrap values N50%
shown to the left of nodes. Pd, Platynereis dumerilii; Pvu, Patella vulgata; X, Xenopus laevis; Tcbyn, Tribolium castaneum; Dme, Drosophila melanogaster; Sp,
Strongylocentrotus purpuratus; Ci, Ciona intestinalis; Hv, Hydra vulgata; Nv, Nematostella vectensis. (B,C) Vegetal views; (D) ventral view; (E) dorsal view; (F–H)
lateral views with dorsal left; ∗, site of the forming blastopore and stomodeum. (B) 4 hpf embryo with HasBra expression in the posterior blastopore lip with a cluster
of cells on either side (arrowhead) and a central dorsal cell. (C, F) 6 hpf embryo showingHasBra expression in the posterior blastopore lip (arrowhead). A single cell in
the presumptive dorsal quadrant was also detected (arrow). (D, G) 7 hpf embryo showing HasBra expression in the posterior blastopore lip (arrowhead) and ventral
midline (clear arrowhead). (E, H) Expression in the ventral edge of the 9 hpf trochophore shell field (indicated by dashed circle).
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the blastopore along the ventral surface occurs at 6 to 7 hpf and
HasBra was observed to be expressed in the posterior lip of the
blastopore as well as along the midline (Figs. 2C–D, F–G).
Around the time of the onset of blastopore extension faint
staining was observed in what was judged to be the region of the
future anal cells (Figs. 2C, F). We also observed HasBra
expression restricted to the most ventral part of the mantle edge
in the trochophore (Figs. 2E, H). Unlike Patella (Lartillot et al.,
2002), we did not detect HasBra expression in the 3D cell by in
situ hybridization, despite an extensive survey of Haliotis
embryos between 32- and 64-cell stages.Fig. 3.HasBMP 2/4 expression during early development. All plates are lateral views,
panels D–G. (A) 8 cell stage showing expression in the micromeres and in the anima
micromeres and faint staining surrounds the nuclei in the macromeres (arrow). (C) 5
vegetal portion of the embryo (arrowhead). (D) 6 hpf embryo with a horseshoe shape
embryo (arrowhead). (E) 7 hpf embryo with expression in the cells of the forming she
the shell gland (arrowhead) and in the dorsal pretrochal ectoderm (clear arrowhead).HasBMP 2/4 was shown to be an orthologue of BMP2/4 and
dpp genes, including the Patella dpp gene (Genbank accession
no. DQ298396). HasBMP 2/4 embryonic expression appeared
to be identical to that reported for Patella (Nederbragt et al.,
2002); we also detected expression earlier in Haliotis develop-
ment. In the 8- to 32-cell stages, HasBMP 2/4 was expressed in
the micromeres (Figs. 3A, B). At 5 hpf expression was detected
in the ectodermal cells with expression increasingly restricted to
the more vegetal micromeres (Fig. 3C). In the period between 5
and 6 hpf, expression became increasingly restricted to a ring of
cells that appeared to be 2nd quartet lineage cells of the future
shell gland, based on clonal cell lineage studies in Patellawith animal pole upwards, except panel G, which is an apical view, dorsal left in
l half of the macromeres. (B) At the 32 cell stage transcripts are localized to all
hpf embryo with expression in the ectodermal cells and particularly strong in the
d expression pattern in presumptive shell gland cells in the dorsal portion of the
ll gland (arrowhead). (F) 9 hpf trochophore showing HasBMP 2/4 expression in
(G) Expression in two dorsal rows of apical ectodermal cells in the trochophore.
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patterns and lineages to Haliotis (van den Biggelaar, 1993; van
den Biggelaar et al., 1997). At 6 hpf the ring began to form a
horseshoe shaped expression pattern in the dorsal portion of the
embryo (Fig. 3D), similar to the pattern reported in Patella. By
7 hpf this pattern was distinguishable as the forming shell gland
(Fig. 3E). At 9 hpf HasBMP 2/4 expression remained in the
shell field and was also detected in two rows of cells in the
dorsal pretrochal region (Figs. 3F, G).
MAPK inhibition and the effects on larval morphology in
H. asinina
Recent studies on inhibiting the activation of MAPK in the
3D cell in a number of gastropods have resulted in varying
phenotypes depending on the concentration of U0126 treat-
ments and the species investigated (Lambert and Nagy, 2001,
2003; Lartillot et al., 2002). To further investigate the role of
MAPK signaling in the organization of the gastropod mollusc,
we immunolocalized activated MAPK in the embryos of H.
asinina in the interval between 5th and 6th cleavage. Activated
MAPK was detected in one of the cross-furrow macromeres
from approximately 15 to 40 min following 5th cleavage. This
corresponds to the period from when the cross-furrow
macromere assumed a centralized position in the cleavage
cavity to just prior to its cleavage (Figs. 4A, B). Activated
MAPK was not detected in any of the U0126-treated embryos at
any time between 5th and 6th cleavage (Figs. 4C, D).
Following U0126 treatment, embryos developed at a slightly
retarded rate relative to controls and hatched approximately
30 min later. The control trochophores had a well-formed shell
gland and prototroch, and the foot anlage had already formed
(Figs. 5A, B). Most of the trochophores from the 10 μM U0126
treatment were relatively normal, with a slightly disorganized
shell gland and a ventral stomodeum (Figs. 5C, D). A few of the
10 μM and all of the 50 μM U0126 treated embryos hatched asFig. 4. Immunolocalization of activated MAPK in the 3D cell, 20 min after 5th
cleavage. (A) Lateral and (B) vegetal view of normal embryos, showing MAPK
activity. (C) Side and (D) vegetal view of U0126 treated embryos showing no
immunoreactivity. M, macromere; m, micromere.dumb-bell shaped larvae (Figs. 5E, F) that possessed a
prototroch but lacked obvious posttrochal ectodermal struc-
tures, such as a shell gland and foot field. In cases where a
stomodeum could be detected it was located at the vegetal pole
of the larva, where in some treated larvae evaginated
endodermal cells were observed. The posttrochal region had a
lack of cell organization and possessed a characteristic
constriction below the fully or partially formed prototroch.
Treatment of H. asinina 32–64 cell embryos with 1 μM
monensin resulted in trochophores with similar morphologies to
those observed in the 50 μM U0126-treated embryos (Fig. 5G).
The U0126 treatments resulted in a range of veliger larval
morphologies that fell into three general categories (Fig. 6). In
the 10 μM U0126 treatments, the majority were mildly
abnormal, with a shell and foot that were often reduced in size
compared to controls (Fig. 6, type II). These larvae appeared to
undergo partial torsion, arresting after about a 90° rotation.
Around 15% of the 10 μM and all of the 50 μM U0126-treated
larvae continued to develop without discernable posttrochal
organization or structures (Fig. 6, type III). In some cases,
however, a deformed shell was detected, often surrounding the
vegetal portion of the larva. Many larvae had large evaginated
endodermal cells in the vegetal portion of the posttrochal region
and some had a vegetal stomodeum (Fig. 6, type III).
Mesentoblast and larval musculature inhibition
To investigate the effect of MAPK inhibition on mesento-
blast formation and muscle development we used phalloidin to
examine larval retractor muscle development (Fig. 7). In both
the 10 μM and the 50 μM U0126 treatments all larvae lacked
larval retractor muscles (Figs. 7B, C), as previously observed in
Tectura (Lambert and Nagy, 2003).
To assess the impact of U0126 on mesoderm fate we assessed
the expression of HasMox (Hinman and Degnan, 2002). Has-
Mox was expressed in bilaterally-symmetrical mesodermal
bands in control trochophores, as well as in a cell located
behind the stomodeum (Figs. 7D, E). In both the 10 μM and the
50 μM U0126 treated larvae, HasMox had similar abnormal
patterns of expression. While in some larvae, particularly those
from the 10 μMU0126 treatment, weak expression was detected
in two bilaterally-symmetrical cells, corresponding to the most
anterior cells of the paraxial mesodermal bands normally
expressing HasMox (Figs. 7F, G), HasMox expression largely
was not detected by in situ hybridization (Figs. 7H, I). These
anterior mesodermal cells may not be derived from the 4d
mesentoblast and appear to give rise to adult foot musculature
(Hinman and Degnan, 2002). In neither case was expression
detected in the vicinity of the stomodeum. Monensin-treated
embryos also failed to develop the larval retractor muscles (data
not shown).
The effect of MAPK inhibition on pretrochal/head region
patterning
A number of previous studies on the organizing role of the
3D cell have demonstrated its involvement in establishment of
Fig. 5. Scanning electron micrographs of trochophores of control, 10 μM and 50 μM U0126, and 1 μMmonensin treatments. (A, C) Lateral views, dorsal left; (B, D)
ventral views; (E, F, G) side views of undetermined orientation. (A, B) Control trochophore with normal prototroch (pt), shell gland (sg), stomodeum (⁎) and
ventrolateral ectoderm (ve), which includes the foot anlage (f). (C, D) 10 μM U0126 treated trochophore with slight cellular disorganization and irregularities. The
stomodeum is in a more vegetal position and the foot field is underdeveloped. (E, F) 50 μMU0126 treated larvae with no obvious posttrochal structures and perturbed
cellular organization, as well as evaginated endodermal cells (ee) at the vegetal pole of the larva. There is a constriction (pc) just vegetal of the prototroch. (G) 1 μM
monensin treated larvae, displaying a similar appearance to the 50 μM U0126 treated larvae, with perturbed cellular organization and a posttrochal constriction just
vegetal of the prototroch. Scale bar, 10 μm.
205D. Koop et al. / Developmental Biology 311 (2007) 200–212quadrant identities in the pretrochal region (Arnolds et al., 1983;
Damen and Dictus, 1996; Lambert and Nagy, 2001, 2003;
Martindale et al., 1985). In this study the organization of theFig. 6. Morphology of veliger (later) larvae treated with U0126. The graph shows the
75.5% of 10 μM U0126 treated larvae were mildly perturbed (Type II) while 24.5% o
100% of control larvae developed normally (Type I). Types I–III are lateral views o
correspond to the 3 morphological types. Type I veligers have a normal velum (prototr
Type IIs do not undergo torsion and have a reduced foot and shell, a slightly deform
generally do not have a shell, although some larvae possess an abnormal partial shell.
cases a vegetal stomodeum is obvious.pretrochal region was assessed using serotonin (5HT) as a
marker for the developing larval nervous system (Hinman et al.,
2003). During normal development the 9 hpf trochophoreproportion of larvae from each treatment that fell into morphological types I–III.
f 10 μMU0126 and 100% of 50 μMU0126 were severely perturbed (Type III).
f 20 hpf veliger larvae (anterior right in Types I and III and up in Type III) and
och; pt), shell (s), foot (f), stomodeum (∗) and dorsally-located mantle edge (me).
ed head and a mildly disorganized velum. Type IIIs do not develop a foot and
The velum is slightly disorganized and does not form a bilobed structure. In some
Fig. 7. Effect of inhibition of MAPK signaling on mesoderm development. (A, B) Lateral views and (C) side view, of phalloidin stained veliger larvae. (A) Control
veligers with well developed retractor muscle extending into the foot (arrowhead). (B) Veliger from the 10 μMU0126 treatment that did not undergo torsion and does
not have a retractor muscle. (C) Veliger from the 50 μM treatment with no visible posttrochal structures and no retractor muscle. (D–I) HasMox expression in 9 hpf
trochophores. (D, F) lateral views, dorsal left; (E) ventral view; (G) posteroventral view; (H, I) side views of undetermined orientation. (D, E) Expression in control
larvae in paraxial mesodermal bands (arrowhead) and a single cell anterior to the stomodeum (∗). (F, G) 10 μM U0126 treated larvae with expression restricted to a
single pair of cells in the anterior-most cells of the paraxial mesoderm. (H, I) 50 μMU0126 treated larvae showing no HasMox expression. f, foot; me, mantle edge; pt,
prototroch; sg, shell gland.
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dorsal to the apical tuft (Figs. 8A, B). Larvae from both the
10 μM and 50 μM U0126 treatments had 2 to 4 serotonergic
cells in the apical region, with the majority of larvae possessing
4 cells (Figs. 8C, D). While the spacing of these cells was
relatively even, there was some variation in the exact location
within the head region. In general there appeared to be one
serotonergic cell in each quadrant.
The patterning of the pretrochal domain was further assessed
by examining the expression of BMP 2/4. HasBMP 2/4 was
expressed in the developing shell field and in two rows of cells
in the dorsal portion of the pretrochal region in control larvae
(Figs. 3F, G and 8E, F). In U0126-treated larvae, the apical
expression of HasBMP 2/4 was duplicated such that there were
four clusters of cells expressing this gene (Figs. 8G, H). The
clusters were generally evenly spaced and often connected by
cells expressing HasBMP 2/4 at low levels, giving rise to an
almost circular domain of HasBMP 2/4 staining.
The effect of MAPK inhibition on posttrochal/body region
patterning
The absence of any clear morphological structures in U0126
treated larvae in the posttrochal region, makes interpretation of
the role of 3D in patterning the larva difficult. We thereforeexamined the role of MAPK in D-quadrant specification in the
patterning of the trochophore of H. asinina by assessing the
expression patterns of genes normally expressed in the shell
gland (HasHox1, HasBra and HasBMP 2/4) as well as in
ventral and lateral ectoderm (HasHSP90A, HasCOE and
Hasβcat). The expression patterns observed in the mildly
perturbed 10 μM U0126-treated larvae were the same as those
of control larvae, although the locations were often slightly
distorted, and are not reported here.
Shell field
HasHox1, HasBra and HasBMP 2/4 were all expressed in
domains in the shell gland of the 9 hpf control trochophores.
HasHox1 andHasBMP 2/4were both normally expressed in the
cells at the edge of the shell gland, except for the most anterior
edge, where there was a clear gap in expression (Figs. 3D, 8E,
and 9A). HasBra expression was restricted to a semicircle of
cells in the posterior edge of the shell gland, possibly just inside
the ring of HasHox1 and HasBMP 2/4 expressing cells (Figs.
9E, F). In larvae treated with 50 μM U0126, HasBMP 2/4 and
HasHox1 were expressed in a disorganized ring of cells around
the posttrochal ectoderm, vegetal of the posttrochal constriction
(Figs. 8G and 9C, D). In both HasBMP 2/4 and HasHox1, there
was a gap in expression as observed in normal embryos. The
Fig. 8. Expression of pretrochal markers in the trochophore. (A, E) lateral views,
dorsal left; (B, D, F, H) apical views, dorsal down in panels B and F; (C, G) side
views of undetermined orientation. (A, B) A single dorsal ectodermal cell
(arrow) is serotonergic in controls. (C, D) U0126 treated larva with four
serotonergic cells, one in each quadrant of the pretrochal region. (E, F) HasBMP
2/4 expressed in the cells of the outer edge of the shell gland (sg; clear
arrowhead) and in two rows of dorsal ectodermal cells of the pretrochal region
(arrowheads). (G, H) In treated larvae HasBMP 2/4 is expressed in a ring of
ectodermal cells encircling the posttrochal region (clear arrowhead) and in four
pretrochal domains (arrowhead), with cells faintly expressing HasBMP 2/4 in
between. pt, prototroch; sg, shell gland; ∗, stomodeum.
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vegetal axis varied to some degree between larvae and ex-
pression between cells was typically irregular. HasBra expres-
sion also was observed in cells forming a partial circle, vegetal
to the posttrochal constriction (Fig. 9G). HasBra expression
was never observed to encircle the entire larva (Fig. 9H), just as
in the normal shell gland where it was restricted to the posterior
edge. The ringed expression of HasBMP2/4 in U0126-treated
larvae (Fig. 8G) was reminiscent of the expression pattern
observed in the 2nd quartet of the normal gastrula (Fig. 3C). In
both U0126-perturbed larvae and normal early gastrulae, the
blastopore is located at the vegetal pole, suggesting that
HasBMP 2/4 expression may also be restricted to the 2nd
quartet micromeres in perturbed larvae. Analysis of HasHox1
expression in monensin-treated larvae was the same as inU0126-treated larvae, namely in an incomplete ring of cells
below the prototroch (Figs. 10F, G).
Ventral and lateral ectoderm
Hasβcat and HasHSP90A were both normally expressed in
the ventrolateral ectoderm of the 9 hpf H. asinina trochophore,
being expressed in two domains on either side of the ventral
midline (Figs. 9I, J, M, N). These bilaterally-symmetrical
domains extended laterally to cover the majority of the lateral
posttrochal ectoderm. Hasβcat was also expressed around the
stomodeum, as well as a broad pattern covering most of the
pretrochal region (Figs. 9I, J). Faint HasHSP90A expression
was also detected in the prototroch (Figs. 9M, N; Gunter and
Degnan, 2007). In treated larvae both Hasβcat and HasHSP90A
showed similar expression patterns (Figs. 9K, L, O, P). They
were expressed in the apical ectoderm of the pretrochal region
in a broad domain that appeared to be more intense than in
control larvae (Figs. 9I–P). Both genes maintained bilaterally
symmetrical expression in the vegetal region of the posttrochal
ectoderm, albeit in a more vegetal position. These transcripts
were neither detected in the ectoderm of the vegetal pole nor in
any evaginated endodermal cells (Figs. 9L, P).
During normal development, HasCOE was expressed in a
single posterior (anal) cell in the trochophore larvae as well as
in a subset of cells in the ventral ectoderm, in the foot anlage
and in mesodermal cells behind the foot (Figs. 9Q, R). In
treated larvae a few HasCOE expressing cells were clustered in
one spot in the posttrochal region (Figs. 9S, T). The exact
animal–vegetal location of this cluster varied but was often in
the middle or vegetal half of the posttrochal ectoderm, sug-
gesting that the cluster was just vegetal to the ring of cells
expressing shell field genes. As with HasMox, HasCOE trans-
cripts could not be detected in the mesoderm of treated larvae.
Analysis of HasHSP90A and HasCOE expression in mon-
ensin-treated larvae was the same as in U0126-treated larvae
(Figs. 10J, K, N, O).
Discussion
Transient MAPK signaling between the 5th and 6th
cleavage appears to be required for the induction of the 3D
cell in Haliotis and other gastropods (Lambert and Nagy,
2003; Lartillot et al., 2002). Inhibition of MAPK signaling in
Haliotis at this stage yields abnormal trochophores similar to
other gastropods whose normal development has been
perturbed by knocking down the influence of the 3D cell
(Arnolds et al., 1983; Boring, 1989; Damen and Dictus, 1996;
Gonzales et al., 2007; Martindale, 1986; Martindale et al.,
1985; Raven, 1976; van den Biggelaar and Guerrier, 1979). By
analyzing the expression of a suite of molecular markers in
normal and perturbed Haliotis embryos and larvae, we have
provided additional support for the role of the MAPK in the
D-quadrant in specification of the dorsoventral axis in the
pretrochal ectoderm and the formation of the endomesoderm.
However, our U0126 and monensin experimental data suggest
that ectodermal cell specification and dorsoventral axial
Fig. 9. Expression of genes localized to the posttrochal ectoderm in control and U0126-treated trochophores. SEM figures from Fig. 5 are provided for orientation, with
the 1st row being lateral views (dorsal left), the 2nd row being either dorsal (B, F) or ventral (J, N, R), and the 3rd row being side views of undetermined orientation; the
4th row is a variety of aspects. (A, B) HasHox1 expression in the outer edge of the developing shell gland (sg) in control larvae with a gap in expression at the anterior
edge; the boundary between expressing and non-expressing cells in the shell gland (sg) is delineated by arrowheads in panel B. (C, D) HasHox1 is expressed in a ring
of ectodermal cells that encircle the posttrochal region in treated larvae; (D) apical view showing expression almost completely encircling the larva; the boundary
between expressing and non-expressing cells is delineated by arrowheads. (E, F) HasBra expression in the leading edge of the developing shell gland in control larvae;
the boundary between expressing and non-expressing cells in the shell gland (sg) is delineated by arrowheads in panel F. (G, H) U0126 treated larva showing HasBra
expressing cells in a half ring around the posttrochal ectoderm; (H) apical view; the boundary between expressing and non-expressing cells is delineated by
arrowheads. (I, J) Control larvae with Hasβcat expression in the ectoderm surrounding the stomodeum (∗) and in the ventrolateral ectoderm (ve; indicated by dashed
lines in panel J). Expression is also present in a broad domain in the pretrochal region (arrow). (K, L) Hasβcat in the treated larva is broadly expressed in the pretrochal
ectoderm and is localized in a bilateral pattern to the vegetal posttrochal ectoderm (arrowheads). No expression in evaginated endodermal cells (ee); (L) 90° rotated
view of panel K. (M, N) HasHSP90A expression in the cells of the ventrolateral ectoderm and prototroch (pt) of control larvae. (O, P) HasHSP90A is broadly
expressed in the pretrochal ectoderm (arrow) in U0126-treated larvae and is localized to a bilaterally symmetrical set of the vegetal posttrochal ectoderm (arrowheads);
(P) vegetal view. (Q, R) HasCOE expression in control trochophores, in two ectodermal cells of the developing foot field, the underlying mesoderm (1) and a cell just
ventral to the mantle edge (2; vicinity of the anal cell). (S, T) HasCOE expression in U0126 treated larvae is restricted to a cluster of cells in the posttrochal ectoderm.
(T) Same larva as in S, viewed at a 90° rotation, showing expression restricted to one side of the larva. In both normal and treated larvae, these HasCOE-expressing
cells lie between the shell field markers (HasHox1, HasBra and HasBMP 2/4) and the ventral ectoderm markers (Hasβcat and HasHSP90A). ∗, stomodeum; ee,
evaginated endodermal cells; pc, posttrochal constriction; pt, prototroch; sg, shell gland; ve, ventrolateral ectoderm.
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upon the induction of 3D.
The dosage dependent effect of MAPK inhibition on the
development of H. asinina
The inhibition of MAPK activation in the 3D cell of H.
asinina results in a range of morphologies that vary in a
concentration dependent manner. A lower concentration of the
inhibitor (10 μM U0126) produces trochophores that possess
normal ectodermal structures such as eyes, shell and foot butlack or have reduced mesodermal structures. The higher
concentration (50 μM U0126) results in the disruption of
gastrulation, as well as a lack of posttrochal structures. These
results are in agreement with those of Lambert and Nagy (2003)
for Tectura but differ from those of Lartillot et al. (2002) in
Patella, where no dosage response was detected.
The dosage dependent effects correlate well with the
morphologies obtained by Martindale (1986) when the 3D cell
in Lymnaea stagnalis was deleted at varying times during the
interval between the 5th and 6th cleavage. Ablation of both
cross-furrow macromeres prior to any clear 3D asymmetry
Fig. 10. Effect of monensin treatment on the morphology and patterning of Haliotis asinina trochophores. (A) Lateral view (dorsal left) of a 9 hpf trochophore, with a
distinct prototroch (pt), stomodeum (⁎), developing foot which overlaps with the ventral ectoderm (ve, demarcated by dotted line) and shell gland (sg, demarcated by
heavy dashed line). (B) Ventral view of panel A. (C) Side view of a monensin-treated trochophore larva. The trochophores possessed no visible dorsoventral structures
and had a prominent posttrochal constriction (pc) as observed in the 50 μM U0126 treatments (Figs. 5E, F). The pretrochal domain had four serotonergic cells as
observed in the U0126 treatments (data not shown). (D) HasHox1 expression in control trochophores showing expression in the shell gland; lateral view, dorsal left.
(E) Dorsal view of panel D, with a gap in expression at the anterior edge; the boundary between expressing and non-expressing cells in the shell gland (sg) is delineated
by arrowheads. (F) Side view of monensin treated trochophore showingHasHox1 expression in the cells just vegetal to the posttrochal constriction. (G) Apical view of
panel F, showing HasHox1 expression in ectodermal cells that encircle the posttrochal region; arrowheads mark the boundary of the gap in expression. (H) Lateral
view (dorsal left) of HasHSP90 expression in the ventrolateral ectoderm of control larvae. (I) Ventral view of panel H. (J) Side view of a monensin-treated trochophore
showing HasHSP90 expression restricted to cells in the vegetal portion of the posttrochal region. (K) Vegetal view of panel J, demonstrating the expression of
HasHSP90 in two vegetal, bilaterally symmetrical domains in the posttrochal ectoderm. (L) Lateral view (dorsal left) of HasCOE expression in a normal
trochophore, which is in two clusters of ventrolateral cells, the endomesoderm (1) and a single posteroventral cell (2). (M) Ventral view of panel L. (N) Side view of
monensin-treated trochophore showing HasCOE expression in a single cell in the posttrochal ectoderm. Generally, this cell is in the median portion of the posttrochal
ectoderm. (O) 90° rotated view of panel N. ∗, stomodeum; pc, posttrochal constriction; pt, prototroch; sg, shell gland; ve, ventrolateral ectoderm.
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to that observed in our high concentration treatment. Ablation of
the 3D cell after it has assumed its centralized position, as well as
the ablation of 4d, results in ‘mesoderm-less’ larvae that appear
similar to those produced in our low concentration treatments.
Haliotis larvae from both 10 μM and 50 μM U0126 treatments
fail to develop larval retractor muscles and do not undergo
torsion. In addition, HasMox and HasCOE, which are normally
expressed in early mesodermal cells, show a loss or reduction of
expression in treated larvae. Taken together, these results
suggest that in H. asinina the MAPK pathway is involved in
both 3D lineage specification and the induction of the D-
quadrant organizer activity, with the latter requiring higher, and
possibly longer, levels of MAPK activity.The effect of MAPK inhibition on the patterning of the
pretrochal region
The inhibition of MAPK activity in the 3D cell results in
Haliotis larvae with a radialized pattern of HasBMP 2/4
expression in the pretrochal region, in a ring of cells as opposed
to two rows of dorsolateral cells. Furthermore, inhibiting
MAPK activity leads to a duplication of apical serotonergic
cells with two or four cells being present in treated larvae, as
opposed to one dorsal cell in normal trochophores. Parts of the
pretrochal region of molluscan larvae correspond to the future
head and in both equal and unequal cleaving molluscs require
signaling from 3D for their organization (Arnolds et al., 1983;
Clement, 1962, 1976; Damen and Dictus, 1996; Gonzales et al.,
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1979). Our results are consistent with 3D inducing axial polarity
in the head region, which is made up of the 1st and some 2nd
quartet micromeres. The multiple expression domains of
serotonin and HasBMP 2/4 seen in treated larvae suggest that
in the absence of signals from 3D, pretrochal quadrants become
D-quadrants, which is compatible with pre- and posttrochal D-
quadrants normally being specified by different mechanisms.
The effect of MAPK inhibition on cell specification and
dorsoventral patterning in the posttrochal region
In this study, we report that genes that are normally
expressed in posttrochal ectodermal structures in H. asinina
are also expressed in embryos where MAPK signaling has been
inhibited in 3D. HasBra, HasHox1 and HasBMP 2/4, which
normally are expressed in the shell gland and in cells of the
mantle edge, are expressed in a ring of cells encircling the
posttrochal region of treated larvae. The temporal activation of
HasHox1 and HasBra in this tissue, which normally occurs just
prior to hatching, also occurs in the treated larvae. This is
consistent with the premise that the ring of expression in
perturbed larvae is in incorrectly positioned shell gland cells,
although we can not formally exclude the possibility the
localized and overlapping expression of these three genes are in
a totally different population of cells that have no relation to the
shell gland. Activation of HasBra, HasHox1 and HasBMP 2/4
in the cells of perturbed larvae suggests that shell gland cell
specification is not contingent upon signals from 3D.
Hasβcat and HasHSP90A are normally expressed in
overlapping bilaterally-symmetrical domains in the ventrolat-
eral ectoderm of the trochophore that correspond to the foot
field and neuroectoderm (Hinman et al., 2003; O'Brien and
Degnan, 2002a,b). In treated larvae, these genes are expressed
in overlapping, bilaterally symmetrical patterns adjacent to the
vegetal pole. HasCOE is normally expressed in a small group
of cells tightly clustered in a position vegetal to the cells
expressing shell gland markers (i.e. in the vicinity of the anal
cells). HasCOE-expressing cells in perturbed larvae are also
located in a cluster, which is vegetal to the ring of HasHox1,
HasBMP 2/4 and HasBra expression. The maintenance of
expression of these six genes suggests that the inhibition of
MAPK activity does not prevent specification of the post-
trochal ectodermal cells. In Patella, U0126 treatment results in
the maintenance of the radial cleavage pattern at the 64-cell
stage (Lartillot et al., 2002). In the early Patella gastrula,
Brachyury expression is present in a bilateral pattern, super-
imposed on this radial cleavage pattern, and is then later
restricted to a scattering of ventral ectodermal cells, rather than
organized along the ventral midline (Lartillot et al., 2002).
These data suggest that the mechanisms that specify
ectodermal cell fate in both Haliotis and Patella are similar
and do not require 3D activity. However, it is also possible that
the U0126 treatment regimes used for both species did not
completely block 3D activity and the activation of gene
expression in perturbed Haliotis and Patella embryos reflects
this incomplete deactivation; higher concentrations of U0126are toxic to Haliotis and arrested development. This caveat
applies not only to interpretation of cell specification events
but also dorsoventral patterning, mentioned below. None-
theless, arguing strongly against incomplete abrogation of 3D
activity by U0126 is the generation of identical expression
patterns of HasHox1, HasHSP90A and HasCOE in monensin-
treated embryos. Monensin interferes with 3D's function by a
completely different mode of action (i.e. it is a general in-
hibitor of protein processing and secretion; Gonzales et al.,
2007 and references therein).
The maintenance of the bilateral expression patterns of
Hasβcat and HasHSP90A in the perturbed trochophores is
consistent with the MAPK signalling pathway involvement in
D-quadrant specification not being required for establishing the
dorsoventral axis in the ventral portion of the posttrochal
ectoderm. HasBra, which is expressed in a bilaterally
symmetrical horseshoe shaped pattern in the shell gland of
normal trochophores, also shows a horseshoe shaped pattern in
perturbed larvae, further supporting the existence of a latent
dorsoventral axis in larvae where MAPK has been inhibited in
3D. The gap in the ring of expression of HasHox1 and
HasBMP 2/4 in treated embryos is also reminiscent of the
anterior gap that exists in normal shell glands.
Based on cell lineages and fate maps in Patella and on the
resemblance of Haliotis and Patella during early development
(Dictus and Damen, 1997; van den Biggelaar, 1993; van den
Biggelaar and Haszprunar, 1996; van den Biggelaar et al.,
1997), we note that the distribution of cell populations
expressing marker genes in treated larvae is similar to the
patterns that would be observed during early gastrulation in
normal embryos (i.e. when the blastopore is still located in a
vegetal position). In Patella, the shell field is formed from 2a–d
micromere lineages (Dictus and Damen, 1997), which encircle
the early gastrula vegetal of the prototroch forming cells (Fig.
1). This location is essentially where we observe HasHox1,
HasBra and HasBMP 2/4 expression in perturbed larvae.
Further supporting this observation is the ringed expression
pattern of HasBMP2/4 in U0126-treated larvae, which appears
the same as in the normal early gastrulae (cf. Figs. 3C and 8G).
The cells expressing HasCOE, Hasβcat and HasHSP90A in
perturbed larvae are in the vicinity of where these lineages
would be located prior to late gastrulation in normal embryos
(Dictus and Damen, 1997). While the localized expression of
these ectodermal markers are consistent with the Patella fate
map and the inhibition of morphogenetic movements that
normally occur during late gastrulation, we can not exclude the
possibility that the ringed pattern of expression of shell gland
markers reflects a radialization of the shell gland.
Conclusion
Gastrulation in equal-cleaving gastropods is proposed to
involve the induction of one of the four macromeres to become
the 3D organizer. This organizer gives rise to the majority of the
mesoderm and is thought to determine the dorsoventral axis of
the embryo (van den Biggelaar and Guerrier, 1983; van den
Biggelaar and Dictus, 2004). It is also crucial to the normal
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regulate morphogenetic movements (van den Biggelaar and
Dictus, 2004). While our results support the assertion that
pretrochal quadrant identity and endomesodermal formation
require the activation of the MAPK pathway in 3D, we have
found that in Haliotis the specification and patterning of
posttrochal ectodermal cells is not solely contingent upon D
quadrant specification and appears to use a second pathway to
establish dorsoventral polarity.
While it is widely recognised that the equal-cleaving
molluscan embryo – and even possibly the ancestral spiralian
embryo – is quadri-radially organized along the animal–vegetal
axis prior to 3D specification (i.e. at the 32 cell stage) (van den
Biggelaar and Dictus, 2004), the results presented here raise the
possibility that a cryptic dorsoventral axis is established earlier
in development. In unequally cleaving gastropods the macro-
mere inheriting maternal determinants from the polar lobe
become specified to form the D-quadrant before the 32 cell
stage (Clement, 1976; van den Biggelaar and Guerrier, 1983;
Verdonk and van den Biggelaar, 1983). In Haliotis, despite the
lack of a polar lobe, maternal determinants may exist that are
segregated during early cleavage and which predispose axial
determination prior to or independent of 3D specification.
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